. Here, we examined the use of human iPS cells for modeling inherited metabolic disorders of the liver. Dermal fibroblasts from patients with various inherited metabolic diseases of the liver were used to generate a library of patient-specific human iPS cell lines. Each line was differentiated into hepatocytes using what we believe to be a novel 3-step differentiation protocol in chemically defined conditions. The resulting cells exhibited properties of mature hepatocytes, such as albumin secretion and cytochrome P450 metabolism. Moreover, cells generated from patients with 3 of the inherited metabolic conditions studied in further detail (α 1 -antitrypsin deficiency, familial hypercholesterolemia, and glycogen storage disease type 1a) were found to recapitulate key pathological features of the diseases affecting the patients from which they were derived, such as aggregation of misfolded α 1 -antitrypsin in the endoplasmic reticulum, deficient LDL receptor-mediated cholesterol uptake, and elevated lipid and glycogen accumulation. Therefore, we report a simple and effective platform for hepatocyte generation from patient-specific human iPS cells. These patient-derived hepatocytes demonstrate that it is possible to model diseases whose phenotypes are caused by pathological dysregulation of key processes within adult cells.
Introduction
The possibility of deriving human induced pluripotent stem (iPS) cells by overexpressing just a few transcription factors in somatic cells has opened new opportunities for regenerative medicine and in vitro disease modeling (1) . Human iPS cells have since been generated from patients with various diseases (2) (3) (4) , with several groups reporting disease-specific phenotypes when these cells were subsequently differentiated to neural progenitors (5, 6) . To our knowledge, however, no human iPS cell-based models have been reported to date for diseases specific to non-neuronal cells (such as cells of mesoderm and endoderm lineages), nor for diseases that arise as a consequence of loss of function that are only seen in fully differentiated adult cells (late-onset diseases). Furthermore, concerns remain that the cellular stresses inherent in reprogramming and differentiation may prevent human iPS cell-derived cell models from preserving the myriad of subtle interactions governing the trafficking and activity of proteins. Understanding these interactions is central to understanding various disease mechanisms and may also provide insights into currently unexplained variations in clinical phenotypes observed between individuals of identical genetic backgrounds (7) (8) (9) .
These issues are particularly pertinent to the inherited metabolic disorders of the liver (IMDs). This group of diseases results from genetic mutations that affect key proteins within hepatocytes. While IMDs may be treated by whole-organ liver transplant, this procedure carries considerable risk. There is therefore a need for greater understanding of the disease mechanisms and for the development of alternative therapies (10, 11) . Such investigations are hampered by difficulty in culturing primary hepatocytes and an inability to provide relevant human hepatocyte-like cell lines that faithfully replicate the protein dysfunction and subsequent cellular defects responsible for the disease (12) . We report here the generation of a library of human iPS cell lines from individuals with a range of IMDs. A simple, chemically defined culture system for the efficient hepatic differentiation of the new human iPS cell lines was subsequently developed. Finally, by focusing on 3 diseases, we showed that human iPS cell-derived hepatocytes from affected patients successfully recapitulated key features of the cellular pathology seen in the associated diseases, such as aggregation of misfolded mutant α 1 -antitrypsin in the endoplasmic reticulum, deficient LDL receptor-mediated cholesterol uptake, and elevated cellular lipid and glycogen accumulation. These data demonstrate, for the first time to our knowledge, that human iPS cells can be used to model a diverse range of inherited diseases in adult cells.
Results

Generation of a human iPS cell library from patients with IMDs
Dermal fibroblasts were obtained from skin biopsies from 7 individuals with a range of IMDs and from 3 healthy controls (20 human iPS cell lines, 5 diseases; Table 1 and Supplemental  Table 1 ; supplemental material available online with this article; doi:10.1172/JCI43122DS1). These somatic cells were then reprogrammed to pluripotent stem cells using the 4-factor approach developed by Yamanaka and colleagues (13) . The success rate of human iPS cell derivation was extremely variable, ranging from 0.01% to 0.1% for each individual, confirming the existent variability in capacity to reprogram dermal fibroblasts from patients of different age and sex. Where possible, 3 human iPS cell lines per individual were subsequently used for further analyses in order to define the conserved variability in differentiation capacity between lines derived from the same individual. The resulting library of human iPS cell lines - 20 lines from 10 individuals - were characterized for their morphology, expression of pluripotency markers, capacity to form derivatives of the 3 germ layers in vivo and in vitro, normal karyotype, and expression profiles of endogenous and exogenous pluripotency genes (Supplemental Figure 1, A-F) . All the human iPS cells expressed endogenous markers of pluripotency and were able to differentiate into neuroectoderm, endoderm, and mesoderm cells (Supplemental Figure 1 , B-D and F, and data not shown), confirming successful generation of pluripotent stem cells from somatic cells. Interestingly, none of the human iPS cell lines lacked the ability to differentiate into 1 specific germ layer, showing the absence of strong variability in the capacity of differentiation of the human iPS cell lines generated for this study. Furthermore, abnormal karyotype was only observed in human iPS cells grown for long periods of time (i.e., passage 40) in chemically defined conditions. This suggests that the culture system used to expand human iPS cells can affect their genetic stability, as had been described for human ES cells (14) . Therefore, only early-passage human iPS cells (i.e., before passage 30) were used for the present study. The number of viral integrations was variable between lines and patients (data not shown), reinforcing previous studies showing that full reprogramming is not associated with a specific pattern of viral integration (15) . Finally, ectopic expression of exogenous transgenes was rarely detected in our human iPS cells lines (Supplemental Figure 1F) , demonstrating the efficiency of our viral vector to be silenced in pluripotent stem cells. Collectively, these results demonstrate that the human iPS cell lines generated for this study were fully reprogrammed and thus represent what we believe to be a unique library of human iPS cell lines derived from patients with IMDs.
Development of a robust and simple method to generate hepatocytes from patient-specific human iPS cells
We have recently developed a robust protocol to differentiate human ES and normal human iPS cells into hepatocytes (16) . This culture system provided the basis for a method of differentiation optimal for use with patient-specific iPS cells. Our main objective was to develop a simple method that could effectively differentiate a broad number of human iPS cell lines into hepatocytes. Human iPS cell lines derived from healthy individuals (6 lines, n = 2 subjects) and individuals with α 1 -antitrypsin deficiency (A1ATD; 6 lines, n = 3 subjects) were used to empirically screen a wide range of culture conditions. The 3-step protocol shown in Figure 1 follows the key stages of the natural pathway of hepatocyte development. The first step consisted of driving human iPS cells to endoderm cells expressing Sox17, CXCR4, foxA2, and Hex, a specific marker of anterior definitive endoderm from which liver cells are generated ( Figure 1 , B and C), using chemically defined medium containing polyvinyl alcohol (CDM-PVA medium) supplemented with activin, FGF2, BMP-4, and a PI3K inhibitor. The resulting endoderm cells were then differentiated into hepatic progenitors expressing AFP, CK18, CK19, HNF4, and HNF6 ( Figure 1 , B and C, and Supplemental Figure 2 , A-C) using activin and B27 supplement. Finally, maturation in a CMRL/hepatocyte culture medium mix supplemented with HGF and Oncostatin-M yielded hepatocyte-like cells 
Figure 2
In vitro modeling of A1ATD using disease-specific human iPS cells. (A) A1ATD disease-specific human iPS cells (dhIPSCs) differentiated to hepatocytes displayed functional activity characteristic of primary human hepatocytes, including the presence of intracellular albumin, glycogen storage (shown by PAS staining), LDL cholesterol uptake (shown by fluoresceinated LDL incorporation), albumin secretion, and active CytP450 metabolism. Error bars denote SEM. (B) Immunostaining analyses for expression of misfolded polymeric α1-antitrypsin using the polymer-specific 2C1 antibody (green) or an antibody that detects all forms of α1-antitrypsin (red) in A1ATD patient-specific and control human iPS cell-derived hepatocytes. Merged images are shown at right. (C) Endoglycosidase H (EndoH) digestion of A1ATD disease-specific human iPS cell-derived hepatocyte microsomal subcellular fraction, confirming retention of misfolded polymeric α1-antitrypsin protein within the endoplasmic reticulum. n = 3. (D) ELISA to assess the intracellular expression (cells) and secretion (medium) of all α1-antitrypsin and polymeric α1-antitrypsin protein in A1ATD patient-specific and control human iPS cell-derived hepatocytes after overnight proteasomal inhibition by MG132. Error bars denote SEM. n = 3. Original magnification, ×20 (A); ×40 (B).
expressing both albumin and α 1 -antitrypsin by day 25 ( Figure 1 , B-D). FACS analyses showed that greater than 80% of the cells generated in these culture conditions expressed albumin ( Figure  1D ), confirming the homogeneity of the cell population generated with this approach. By day 25, the cells showed a strong morphological resemblance to human hepatocytes, displaying occasional binucleity ( Figure 1A ), glycogen deposits, and apical microprotrusions ( Figure 1E ) as well as rough and smooth ER and a prominent Golgi body (Supplemental Figure 2E ). In addition, the human iPS cell-derived hepatocytes shared in vitro functional characteristics with native human hepatocytes in that they were able to store glycogen and LDL, secrete albumin, metabolize drugs via the CytP450 pathway ( Figure 2A and Supplemental Figure 2H ), and express GFP protein under the control of the hepatocyte-specific ApoAII promoter (Supplemental Figure 2D) . Furthermore, the expression of exogenous reprogramming factors remained suppressed in these cells, confirming that the retroviral transgenes stayed silenced after differentiation (Supplemental Figure 2F ). Although these data provide considerable evidence showing relevant functional characteristics of the liver cells generated in our culture system, we acknowledge that these cells were not terminally differentiated, as evidenced by their continued expression of AFP ( Figure 1 , B and C). Instead, these hepatocytes are likely to be developmentally located somewhere between the end of the first trimester of fetal embryonic development and fully adult cells, as displayed by their α 1 -antitrypsin gene expression levels and percentage of albumin-expressing cells seen by FACS ( Figure 1D , Supplemental Figure 1G , and Supplemental Figure 3B ). Finally, we note that this culture system was applied to a large number of lines, 20 derived from 10 individuals, and only 2 human iPS cell lines were unable to differentiate into liver cells (Supplemental Figure 2 , C and H). Collectively, these results demonstrate the efficiency of our defined culture conditions for driving differentiation of human iPS cells to near-homogenous populations of fetal hepatic cells displaying some functional characteristics specific to mature hepatocytes.
In vitro modeling of liver diseases using patient-specific human iPS cells A1ATD. The validity of our approach to model liver disease in vitro
was assessed by investigating whether disease-specific human iPS cell-derived hepatocytes replicated key features of the diseases from which they were derived. We first focussed on A1ATD diseasespecific human iPS cells. Previous studies have shown that the Z allele (Glu342Lys) results in the formation of ordered polymers of α 1 -antitrypsin that are retained within the ER (17) . These polymers accumulate within hepatocytes, predisposing the homozygote to neonatal hepatitis, cirrhosis, and hepatocellular carcinoma (18) . This pathway of α 1 -antitrypsin polymerization is central to the clinical phenotype (17) . We therefore used the 2C1 polymer specific monoclonal antibody (19) to detect polymers within A1ATD disease-specific human iPS cell-derived hepatocytes. Polymers were detected by immunostaining and by ELISA analyses (Figure 2 , B and D, and Supplemental Figure 2G ). These data showed that accumulation of α 1 -antitrypsin polymers only occurred in disease-specific human iPS cell-derived hepatocytes from individuals with A1ATD; no polymers were present in human iPS cell-derived hepatocytes from control subjects. The cellular localization of the polymers was confirmed by subcellular fractionation of the cells, followed by digestion with endoglycosidase H ( Figure 2C and Supplemental Figure 3C) , an enzyme that removes N-linked glycans still in the high mannose ER form but does not affect oligosaccharide chains after the addition of sialic acid in the Golgi apparatus. Endoglycosidase H treatment reduced all intracellular α 1 -antitrypsin in the diseasespecific but not control human iPS cell-derived hepatocytes to a single 50-kDa band, demonstrating that all such intracellular α 1 -antitrypsin was retained within the ER. Importantly, the observed increase in polymer was consistent among 3 different iPS cell lines taken from the same patient, but varied among iPS cell lines taken from different patients (Supplemental Figure 2G ). This phenotypic variability could correlate with the disease status in the patient and thus could reflect a clinical feature of this disease. However, a low level of polymer expression was observed in human iPS cell lines derived from A1ATD patient 2, which were also particularly resistant to endoderm differentiation (Supplemental Figure 2C ). Therefore, variability in disease phenotype observed in this study mainly reflects the capacity of human iPS cells to achieve efficient hepatic differentiation. Finally, to investigate the potential application of this cell line for future in vitro drug screening, we assessed the effects of adding the proteasome inhibitor MG132 to the medium overnight. Blockage of this important protein degradation pathway revealed a disease-specific intracellular increase in α 1 -antitrypsin polymers ( Figure 2D ). Taken together, these results demonstrated that disease-specific human iPS cell-derived hepatocytes are capable of modeling key pathological feature of A1ATD in vitro and may also prove useful for future drug screening assays. FH. To confirm the ability of our culture system to model clinical disease, and to investigate its potential for studying disease processes specific to other subcellular locations (Supplemental Figure  3A) , we characterized the disease-specific human iPS cell-derived hepatocytes from 1 individual with familial hypercholesterolemia (FH). The primary defect in FH is impaired functioning of the LDL receptor, resulting in an excess of plasma LDL and premature atheromas (20) . Disease-specific human iPS cell lines generated from the individual with FH were differentiated into hepatocytes displaying typical functional characteristics ( Figure 3A) . Western blot analysis of the differentiated cells confirmed the absence of the LDL receptor (Supplemental Figure 3E) . The in vivo functional implications of this receptor deficiency were also conserved in our model, as shown by immunostaining and FACS analysis demonstrating that FH disease-specific human iPS cell-derived hepatocytes had an impaired ability to incorporate LDL ( Figure  3B ). These results demonstrated that disease-specific human iPS cells can successfully be used to model FH and may therefore be suitable for modeling other diseases involving transmembrane protein trafficking and receptor dysfunction.
GSD1a. Finally, we used our approach to model a condition representative of impaired cytosolic metabolism. Glycogen storage disease type 1a (GSD1a) is caused by a deficiency in glucose-6-phosphatase, the main enzyme catalyzing the hydrolysis of glucose-6-phosphate to glucose and phosphate, the terminal steps in gluconeogenesis and glycogenolysis. Individuals with GSD1a cannot maintain glucose homeostasis and experience hyperlipidemia, lactic acidosis, hyperuricemia, hypoglycemia, hepatomegaly, kidney enlargement, and growth retardation (21) . We differentiated 3 GSD1a lines from 1 subject, and the resulting cells were characterized for their hepatocyte-like nature ( Figure 4A and Supplemental Figure 3F ). Period acid Schiff (PAS) staining revealed the GSD1a disease-specific human iPS cell-derived hepatocytes accumulated substantially greater amounts of intracellular glycogen than did those of controls (Figure 4B ), confirming the cellular disease phenotype.
In addition, the same cells also replicated other features of the disease, such as excessive lipid accumulation and excessive production of lactic acid (Figure 4, C and E) . Critically, the cells induced expression of 3 canonical glucagon-responsive genes after glucagon stimulation ( Figure 4D and refs. 22, 23) . These results demonstrated not only that key cellular aspects of GSD1a can be modeled in vitro, but also that the hepatocytes generated in our culture system display at least some responsiveness to a key hormone of intermediary metabolism, which suggests that our approach may therefore be applied to model other, more common metabolic disorders.
Discussion
Patient-specific disease modeling using human iPS cells has to date proven possible for a limited number of very rare neurodevelopmental disorders. By developing a simple chemically defined culture system permitting efficient differentiation of numerous human iPS cell lines toward cells of a mature hepatic state, we now demonstrate the possibility of modeling groups of diseases of non-neuronal origin whose phenotypes are a consequence of complex protein dysregulation within adult cells. The 3 diseases we modeled cover a diverse range of pathological mechanisms, from protein misfolding in the ER to cell surface receptor dysfunction and finally to obstruction of cytosolic metabolism, thereby demonstrating the potentially wide applications for exploitation of this platform into other research areas.
The potential of our modeling system is best exemplified by first considering the most common and well-characterized disorder from our group of diseases, A1ATD. Previous studies have demonstrated that misfolding and entrapment of the Z polymers within the ER is the underlying mechanism for the clinical phenotype (17) . However, the variation in phenotype displayed among individuals with the same genotype has not yet been explained. Such variations may be caused by different patients' capacities to handle misfolded proteins (7-9, 18, 24, 25) . The hepatocyte-specific quality control mechanisms responsible for processing such
Figure 3
In vitro modeling of FH using diseasespecific human iPS cells. (A) FH disease-specific human iPS cells differentiated to hepatocytes displayed functional activity characteristic of primary human hepatocytes, including intracellular presence of albumin, glycogen storage, albumin secretion, and active CytP450 metabolism. Error bars denote SEM. (B) FACS analysis for fluoresceinated LDL incorporation confirmed FH disease-specific human iPS cell-derived hepatocytes (red curve) lacked the ability to efficiently take up LDL compared with the positive control (blue curve). Human iPS cells grown in the absence of LDL were used as a negative control (unstained; black curve). Original magnification, ×40 (A); ×20 (B).
proteins are now being elucidated (26, 27) . Although one such pathway, that of the proteasome, has an important role in metabolizing Z α 1 -antitrypsin in some hepatic (28) and extrahepatic mammalian cell lines (29) , it can only approximate protein handling in the proteasome of the human hepatocyte. Furthermore, despite our increased understanding of the protein degradation pathway, it still remains unclear how accumulation of Z α 1 -antitrypsin causes cell death and liver failure. In order to enhance our understanding of this and other related mechanisms critical to the etiology of similar protein misfolding disorders, elucidation of the protein degradation pathways specific to human hepatocytes is a crucial next stage of investigation. By generating patient-specific iPS cell-derived hepatocytes capable of conserving core elements of disease-specific protein polymerization and ER entrapment, we showed that such subtle intracellular processes can potentially be studied with the in vitro cellular system described herein. Our data also suggest that the same intracellular processes can be accurately preserved despite the highly stressful implications that ex vivo reprogramming and differentiation protocols may exert upon the cells (8, 25) . However, it should be noted that before comparative patient-specific human iPS cell-based studies are performed, clearly defined criteria will need to be agreed upon to assure that investigators have achieved a sufficient level of cellular differentiation. Our data, although limited to hepatocyte differentiation, suggest that individuals of differing genetic backgrounds host intrinsic variance in the capacity of their human iPS cells to achieve in vitro differentiation toward adult cells. Therefore, any phenotypic variance observed in vitro between lines originating from different patients will need to be confirmed with large numbers of replicate patient samples to ensure that such observations do not simply reflect each line's varied capacity of differentiation toward a given cell of interest.
Figure 4
In vitro modeling of GSD1a using disease-specific human iPS cells. (A) GSD1a disease-specific human iPS cells differentiated to hepatocytes displayed functional activity characteristic of primary human hepatocytes, including intracellular presence of albumin, albumin secretion, and active CytP450 metabolism. Error bars denote SEM. (B) PAS staining showing excessive accumulation of intracellular glycogen in GSD1a disease-specific human iPS cell-derived hepatocytes compared with human iPS cell-derived hepatocytes from control subjects. n = 3. (C) BODIPY staining showed excessive accumulation of intracellular lipid in GSD1a disease-specific human iPS cell-derived hepatocytes compared with human iPS cell-derived hepatocytes from control subjects. n = 3. (D) Disease-specific human iPS cell-derived hepatocytes appropriately upregulated transcriptional targets of glucagon, as shown by quantitative RT-PCR analysis of PEPCK, glucose-6-phosphatase (G6P), and IGFBP1 expression analyzed 0, 1, 2, and 3 hours after stimulation with 100 nM glucagon hydrochloride. Error bars denote SEM. n = 3. (E) GSD1a disease-specific human iPS cell-derived hepatocytes secreted more lactate than did human iPS cell-derived hepatocytes from control subjects, as assessed by ELISA analysis of a 24-hour collection of cell culture medium. Error bars denote SEM. n = 3. Original magnification, ×40 (A; B, bottom; and C).
The 2 other diseases subsequently assessed with our modeling system reinforced the demonstration that downstream effects of protein dysfunction in hepatocytes were conserved in a patientspecific manner using disease-specific human iPS cells. By replicating the lack of LDL receptor-mediated uptake of LDL lipid into hepatocytes, we successfully established a cell model for FH. The FH model illustrates how this platform is uniquely equipped to provide a holistic impression of the hepatocyte-specific native processes governing receptor dysfunction, from nuclear synthesis to trafficking through the ER to recycling at the cell membrane. We therefore suggest that this platform may be well-suited for further follow-up studies into a broad range of liver-related receptoropathies.
Finally, by demonstrating the conservation of several key facets of the GSD1a cellular phenotype and the hepatocyte-specific, glucagon-induced upregulation of key downstream gluconeogenic enzymes and a secreted IGF1 binding protein, we provided proof of concept that similar studies to investigate other more common metabolic disorders could be feasible with this platform. These diseases have suffered from shortcomings of currently available in vitro cell models unable to simulate some of the key hepatocyte processes that go awry in disease. The use of patient-specific human iPS cell lines in our system could permit modeling of such disease processes within a context of well-characterized genetic and clinical profiles, therefore offering exciting opportunities for cellular dissection of these diseases.
In conclusion, we believe the present study has advanced the human iPS cell field in several ways. First, demonstration of the possibility of modeling different diseases affecting adult cells using a single platform has answered one of the most pressing questions in the human iPS cell-disease modeling field. This realization has accordingly allowed us to provide other investigators with a robust and easily reproducible technical resource for potential application into diverse fields of research. Second, by demonstrating that human iPS cell-derived hepatocytes can be generated from multiple patients of varied genetic and disease backgrounds, we propose our system as an efficient methodology, which we believe to be new, for the early-stage safety and therapeutic screening of liver-targeted compounds of potential relevance to the pharmaceutical industry. Finally, and perhaps most importantly, demonstrating the ability to homogenously derive large numbers of patient-specific hepatocytes from a group of diseases ideal for cell-based therapy raises the possibility that we have taken another step toward realizing the ultimate goal of patient-specific human iPS cell technology.
Methods
Human iPS cell derivation and culture. Following appropriate ethical approval and patient consent, 8-mm skin punch biopsies were obtained from volunteering patients attending Addenbrooke's Hospital (ethics reference no. 08/H0311/201; R&D no. A091485). Fibroblasts were derived from the donated tissue in GMP conditions using standardized in-house protocols and expanded in standard fibroblast culture medium. Additional fibroblast samples were obtained from INSERM and the Coriell Biorepository. In total, 5 different disease samples from 7 different patients were obtained (Table 1) . Moloney murine leukemia virus-derived vectors, each containing the coding sequences of 1 of the 4 human genes OCT4, SOX2, c-Myc, and KLF4, and the corresponding viral particles were generated by Vectalys and used to infect the fibroblasts at MOI 10 as originally described by Yamanaka and colleagues and as we also recently described (13, 30) . Once derived, human iPS cells were cultured in standard human ES cell culture conditions (KSR; Gibco, Invitrogen) plus FGF2 (4 ng/ml; R&D Systems Inc.) on plates containing irradiated mouse feeders.
RNA extraction and real-time PCR. Total RNAs were extracted from human iPS cells or differentiated progenitors using the RNeasy Mini Kit (Qiagen). Each sample was treated with RNase-Free DNase (Qiagen) to avoid DNA contamination. For each sample, 0.6 μg of total RNA was reverse transcribed using Superscript II Reverse Transcriptase (Invitrogen). Real-time PCR reaction mixtures were prepared per the SensiMiX protocol (Quantace), then denatured at 94°C for 5 minutes and cycled at 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 30 seconds, followed by a final extension at 72°C for 10 minutes after completion of 40 cycles. Primer sequences were as described elsewhere (16) . Real-time PCR reactions were performed using a Stratagene Mx3005P in triplicate and normalized to porphobilinogen deaminase (PBGD) in the same run. Quantitative PCR data are presented as the mean of 3 independent experiments; error bars indicate SEM. Primers used for Real Time PCR analyses are shown in Table 2 .
Table 2
Primer sequences
Primer Sequence
Exogenous hOCT4, forward 5′-CCTCACTTCACTGCACTGTA-3′ Exogenous hOCT4, reverse 5′-TCCTGTCTTTAACAAATTGGACT-3′ Exogenous hKLF4, forward 5′-GATGAACTGACCAGGCACTA-3′ Exogenous hKLF4, reverse 5′-TCCTGTCTTTAACAAATTGGACT-3′ Exogenous hSOX2, forward 5′-CCCAGCAGACTTCACATGT-3′ Exogenous hSOX2, reverse 5′-TCCTGTCTTTAACAAATTGGACT-3′ Exogenous hMYC, forward 5′-AAGAGGACTTGTTGCGGAAA-3′ Exogenous hMYC, reverse 5′-TCCTGTCTTTAACAAATTGGACT-3′ Endogenous hOCT4, forward 5′-CCTCACTTCACTGCACTGTA-3′ Endogenous hOCT4, reverse 5′-CAGGTTTTCTTTCCCTAGCT-3′ Endogenous hKLF4, forward 5′-GGTCGGACCACCTCGCCTTACAC-3′ Endogenous hKLF4, reverse 5′-CTCAGTTGGGAACTTGACCA-3′ Endogenous hSOX2, forward 5′-ATGTCCCAGCACTACCAGAG-3′ Endogenous hSOX2, reverse 5′-GCACCCCTCCCATTTCCC-3′ Endogenous hMYC, forward 5′-CTGAAGAGGACTTGTTGCGGAAAC-3′ Endogenous hMYC, reverse 5′-TCTCAAGACTCAGCCAAGGTTGTG-3′ NANOG, forward 5′-CATGAGTGTGGATCCAGCTTG-3′ NANOG, reverse 5′-CCTGAATAAGCAGATCCATGG-3′ SOX17, forward 5′-CAGTGACGACCAGAGCCAGACC-3′ SOX17, reverse 5′-CCACGACTTGCCCAGCATCTT-3′ FOXA2, forward 5′-ACTCGCTCTCCTTCAACG-3′ FOXA2, reverse 5′-CCTGGTAGTAGGAGGTATCTGC-3′ PBGD, forward 5′-GGAGCCATGTCTGGTAACGG-3′ PBGD, reverse 5′-CCACGCGAATCACTCTCATCT-3′ HEX, forward 5′-CACCCGACGCCCTTTTACAT-3′ HEX, reverse 5′-GAAGGCTGGATGGATCGGC-3′ AFP, forward 5′-AGAACCTGTCACAAGCTGTG-3′ AFP, reverse 5′-TGGTAGCCAGGTCAGCTAAA-3′ ALBUMIN, forward 5′-CCTTTGGCACAATGAAGTGGGTAACC-3′ ALBUMIN, reverse 5′-GACAGCAAGCTGAGGATGTC-3′ AAT, forward 5′-AGACCCTTTGAAGTCAAGCGACC-3′ AAT, reverse 5′-CCATTGCTGAAGACCTTAGTGATGC-3′ CYP3A4, forward 5′-TGTGCCTGAGAACACCAGAG-3′ CYP3A4, reverse 5′-GTGGTGGAAATAGTCCCGTG-3′ ApoA2, forward 5′-GGAGAAGGTCAAGAGCCCAGAG-3′ ApoA2, reverse 5′-AGCAAAGAGTGGGTAGGGACAG-3′ LDLR, forward 5′-GGGCGTGAAATTGCGCTGGACCGTC-3′ LDLR, reverse 5′-TCACAGACGAACTGCCGAGAGATGC-3′
Immunofluorescence. Human iPS cells or their differentiated progenitors were fixed for 20 minutes at 4°C in 4% paraformaldehyde and then washed 3 times in PBS. Cells were incubated for 20 minutes at room temperature in PBS containing 10% donkey serum (Serotec Ltd.) and subsequently incubated overnight at 4°C with the following primary antibodies, diluted in 1% donkey serum in PBS: Oct-4 (1:100; Abcam ab18976), Sox2 ( Teratomas. Human iPS cells were harvested mechanically immediately prior to implantation, and approximately 10 6 cells were inoculated beneath the testicular capsule of 8-week-old C.B.-17/GbmsTac-scidbgDFN7 male mice (Taconic M&B) housed and maintained at 20°C-24°C, 50% room humidity, in a 14-hour light, 10-hour dark cycle with food and water ad libitum. The mice were sacrificed after 60 days, and the injected testes were cut into equal pieces using a razor blade. The material was fixed overnight in 4% neutral buffered formaldehyde, and dehydrated through a graded series of alcohols to xylene. The tissue was embedded in paraffin and serially sectioned at 5 μm, followed by H&E staining and characterization. A human origin of the selected areas was verified by FISH (human-specific probes, CEP XY; Vysis Inc.). The experiments were performed with permission from the Regional Committee for Animal Experimentation (Stockholm, Sweden; Dnr N107/06).
Karyotype analysis. Human iPS cells were grown to confluence on 10-cm dishes, then harvested and metaphase spreads obtained by the Cambridge University Hospitals Cytogenetics diagnostics laboratory.
Differentiation of human iPS cells to hepatocytes. Human iPS cells were passaged using 5 mg/ml collagenase IV/Dispase (0.1%; Gibco, Invitrogen) 1:1 (v/v) mix, then transferred onto plates precoated with FBS in CDM-PVA or in plates precoated with human fibronectin, as previously described (16) . For the first following day, cells were grown in CDM-PVA supplemented with CHIR99021 (3 μM; Stemgent), Ly294002 (10 μM; Calbiochem), Activin (100 ng/ml; R&D Systems), FGF2 (40 ng/ml; R&D Systems), and BMP4 (10 ng/ml; R&D Systems) to drive differentiation of human iPS cells into primitive streak like cells. The next day, the resulting cells were grown in CDM-PVA supplemented with Ly294002 (10 μM; Calbiochem), Activin (100 ng/ml); FGF2 (40 ng/ml; R&D Systems), and BMP4 (10 ng/ml; R&D Systems) to drive their differentiation toward definitive endoderm. On the third day, the basal medium was changed to RPMI 1640 (Gibco, Invitrogen) and supplemented with Activin (100 ng/ml; R&D Systems), FGF2 (40 ng/ml; R&D Systems), and B27 to obtain anterior definitive endoderm cells. To induce hepatic endoderm, anterior definitive endoderm cells were then cultured for 5 days in the presence of RPMI 1640 (Gibco, Invitrogen) supplemented with Activin (50 ng/ml; R&D Systems). Finally, to mature the resulting hepatic progenitors, cells were grown in a CMRL/Hepatozyme (Invitrogen) basal medium supplemented by HGF (20 μg/ml; Peprotech) and Oncostatin-M (10 μg/ml; R&D Systems).
Flow cytometry. For detection of albumin-positive cells, adherent cells at the end of the hepatocyte differentiation protocol were washed twice in PBS and then incubated for 20 minutes at 37°C in cell dissociation buffer (Invitrogen). Cells were dissociated by gentle pipetting and resuspended at approximately 0.1-1 × 10 5 cells/ml in PBS plus 3% normal goat serum containing 0.1% azide (Serotec Ltd.) and 0.1% Triton-X. Cells were then incubated for 40 minutes at 4°C with primary mouse anti-human albumin antibody (1:100; R&D Systems 1455) or mouse IgG isotype control (BD Biosciences - Pharmingen). Cells were then analyzed by a FACSCalibur machine (BD Biosciences). The number of albumin-positive cells was recorded as the average from 3 separate experiments.
Subcellular fractionation using iodixanol-stepped gradient and endoglycosidase H digestion. Disease-specific human iPS cell-derived hepatocytes were grown in 6-well plates and harvested using a cell scraper. Cells were then mechanically disrupted by repeated passage over a ball bearing homogenizer. The cell suspension was centrifuged at 3,000 g for 5 minutes at 4°C, and the supernatant was diluted to a final concentration of 35% OptiPrep (Axis-Shield) and transferred to a new centrifuge tube. 2 ml 30% OptiPrep and 1 ml 0% OptiPrep were carefully layered sequentially on top of the supernatant, and the tube was spun at 70,000 g for 2 hours at 4°C. The liquid interface formed between the 2 bottom layers was carefully aspirated and again spun at 100,000 g for 45 minutes at 4°C. The subsequent pellet formed was resuspended in 50 μl buffer and labeled as the microsomal fraction. The following day, the membrane was incubated with anti-α1-antitrypsin antibody diluted 1:10,000 in PBT-milk for 1 hour, washed 6 times for 5 minutes with PBT, and then incubated with 1:100,000 anti-mouse IgG-HRP antibody in PBT-milk for 1 hour. The membrane was washed a further 6 times for 5 minutes with PBT and 15 minutes in PBS before developing using the ECL Super Signal West Femto maximum sensitivity substrate (Pierce) and exposed to film.
ELISA for α1-antitrypsin. High binding surface Costar 96-well plates (Corning) were coated overnight with affinity-purified rabbit polyclonal antibodies against α1-antitrypsin (Abcam ab31657) at 2 μg/ml in carbonate/bicarbonate buffer (Na2CO3/NAHCO3, pH 9. . Samples (culture medium or cells lysed in 50 μl Nonidet lysis buffer - 150 mM NaCl; 50 mM Tris-Cl, pH 7.5; 1% [v/v] Nonidet P-40) and standards (plasma purified M or Z α1-antitrypsin) were diluted in blocking buffer, and 50 μl was added to each well and then incubated for 2 hours. After washing, the wells were incubated with either 9C5 or 2C1 monoclonal antibodies (1 μg/ml diluted in blocking buffer) and incubated for 2 hours. Bound monoclonal antibodies were detected with rabbit anti-mouse IgG HRP-labeled antibody (1:20,000; Sigma-Aldrich) for 1 hour. The reaction was developed with TMB liquid substrate (Sigma-Aldrich) for 10 minutes in the dark, and the reaction was stopped with 1 M H2SO4. Absorbance was read at 450 nm on a Thermomax microplate reader (Molecular Devices). For the proteasome blocking assay, cells were grown in 6-well plates, and MG132 (AG Scientific) diluted 1:10,000 was added to the culture medium 16 hours prior to harvest (i.e., overnight). Control samples had equal volumes of PBS added to them.
ELISA for albumin. Cell culture medium collected over 24 hours was analyzed in triplicate by the Cambridge University Hospitals Biochemical diagnostics laboratory using an in-house human albumin specific ELISA kit (BioSupply UK). Values were expressed as nanograms per million cells per milliliter culture medium.
Cytochrome P450 activity. Cyp3A4 activity assay was measured in triplicate using the P450-Glo assay kit (Promega) according to the manufacturer's instructions. Cytochrome activity was then analyzed using a P450-GloMax 96 microplate luminometer (Promega).
PAS staining. PAS staining was carried out on cells in triplicate using a kit (Sigma-Aldrich 395B-1KT) according to the manufacturer's instructions. Diastase digestion was subsequently performed to confirm that positive staining was due to the presence of glycogen.
Transmission EM. Cells were rinsed briefly in 0.9% NaCl and fixed for 2 hours in 4% glutaraldehyde at 4°C. Cells were then scraped from the plates under fix and resuspended by rinsing in 0.1 M PIPES. Analysis was performed by transmission EM.
Uptake of LDL. The Dil-LDL staining kit was purchased from Stoughton, and the assay was performed according to the manufacturer's instructions. FACS analysis was performed comparing Dil incorporation in FH diseasespecific human iPS cell hepatocytes with that in control HepG2 cells.
GFP reporter. Cells were transduced with the APOA-II-GFP lentivector as previously described (16) and examined by microscopy.
Metabolic enzyme response to glucagon stimulation. Disease-specific human iPS cell-derived hepatocytes were incubated for 6 hours in serum-free, highglucose DMEM supplemented with 2 mM l-glutamine, 100 U/l penicillin, 100 μg/ml streptomycin, and 0.5% BSA (all from Sigma-Aldrich). Cells were stimulated with 100 nM glucagon hydrochloride (Novo Nordisk) or PBS (SigmaAldrich) as a negative control. Total RNA was harvested using the RNeasy Kit (Qiagen) at 0, 1, 2, or 3 hours after stimulation and purified per the manufacturer's guidelines. Reverse transcription was performed on 1 μg RNA in a 25-μl reaction mixture containing 200 U Moloney murine leukemia virus reverse transcriptase, 500 ng random primers, and 0.5 mM deoxynucleotide triphosphates (all from Promega) per the manufacturer's guidelines. cDNA was subjected to real-time quantitative PCR on an ABI7900 detection system (Applied Biosystems) using Taqman PCR Mastermix (Applied Biosystems) and genespecific forward and reverse primers and fluorogenic probes. All results were normalized to human 36B4 as a reference gene. Primers and probes for PEPCK (Hs00159918_m1), G6P (Hs00609178_m1), and IGFBP1 (Hs00426285_m1) were purchased as pre-made stocks from Applied Biosystems. Oligonucleotides for 36B4 were designed in house and synthesized by Sigma-Aldrich (forward, 5′-GCAGATCCGCATGTCCCTT-3′; reverse, 5′-TGTTTTCCAGGT-GCCCTCG-3′; Probe, 5′-[JOEE]AGGCTGTGGTGCTGATG[TAMRA]-3′).
